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ABSTRACT 
We show that SiGe islands are transformed into nanoholes and rings by annealing treatments only 
and without Si capping. Rings are produced by a rapid flash heating at temperatures higher than the 
melting point of Ge, whereas nanoholes are produced by several minute annealing. The rings are 
markedly rich in Si with respect to the pristine islands, suggesting that the evolution path from 
islands to rings is driven by the selective dissolution of Ge occurring at high temperature.  
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1. Introduction 
Recent advancements in the fabrication and self-assembly of strained epitaxial semiconducting 
films have allowed for the realization of a variety of nanostructural assemblies, such as quantum 
dots, rings and hole clusters [1-4]. Due to their peculiar shape, nanoholes and rings exhibit unique 
electronic and optical properties and are envisaged for potential applications in future generation 
devices [5, 6]. So far, such nanostructures have been fabricated mainly by using droplet epitaxy 
(especially in III-V systems [3, 5, 7-10]) or by partial capping of strained islands (both in III-V and 
IV-IV compounds [11-14]). In particular, previous results have shown that SiGe rings can only be 
formed via material redistribution/shape transformation of islands by a process activated by Si 
capping and driven by strain energy relief [15-17]. While the SiGe ring formation by capping has 
been thoroughly investigated, after the early work by Zhang et al. [18], there are no studies 
addressing the feasibility of spontaneous ring fabrication by thermal annealing only. Conversely, it 
is a widespread assumption that SiGe islands could not be transformed into nanoholes and rings by 
annealing treatments only and without Si capping [14]. In this paper, we perform a systematic study 
to correlate annealing treatments with the appearance of nanoholes and ring-like morphologies in 
Ge/Si(001) epitaxy. We show that a rapid flash heating of the islands to a temperature T  1000 °C 
results in the formation of rings, whereas nanoholes are produced with longer annealing time. 
Compositional analysis by Raman and X-ray photoelectron spectroscopy (XPS) indicates that the 
rings are markedly riched in Si with respect to the parent islands, suggesting that the evolution path 
from SiGe islands to rings is driven by the partial dissolution of Ge during high-temperature 
annealing. 
1. Materials and methods 
SiGe samples were grown by physical vapor deposition in ultra-high vacuum (UHV) at a base 
pressure p<4x10-9 Pa. To desorb the native oxide layer, Si(001) substrates (P-doped, with resistivity 
∼1 Ω cm) were flashed to 1250 °C in UHV by direct current heating (DCH). Ge was then deposited 
at 600 °C under a constant flux of 0.2 ML/min [1 monolayer (ML)= 6.78×1014 atoms/cm2]. 
Annealing treatments were performed by DCH in the growth chamber. The uncertainty on the 
sample temperature, measured by infrared optical pyrometer, was ±25 °C. The shape of nanoholes 
and rings was characterized in situ by scanning tunneling microscopy (STM) and ex situ by atomic 
force microscopy (AFM) in tapping mode as well as by Scanning Electron Microscopy (SEM). 
Raman measurements were also performed at room temperature using a HORIBA micro-Raman 
system (LabRAM ARAMIS) equipped with Ar+ ion laser (514.5 nm) as excitation source. The spot 
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size was ∼1 µm and the resolution of Raman spectra was approximately 0.2 cm-1. The XPS 
investigation was carried out by using an Escalab 250Xi spectrometer (Thermo Fisher Scientific – 
UK) equipped with a monochromatic Al Kα source (hν = 1486.6 eV). The spectra were collected at 
20 eV constant pass energy, and the analyzed area of the sample was about 300 µm in diameter. 
XPS depth profiling was carried out by using an EX-06 Ar+ gun, set at 1.0 keV or 2.0 keV energy. 
The ion sputtering rate was calibrated by using the reference films of Ta2O5 with a thickness of 30 
nm.  
2. Results and discussion 
Figure 1(a) shows the as-grown morphology of SiGe islands after deposition of 8 ML of Ge. The 
size distribution is clearly bimodal, consisting of large islands (usually referred to as domes) 
coexisting with an ample population of smaller dots [19, 20]. After a 1 s flash to 1050 °C, the 
surface morphology is markedly changed [Fig. 1(b)]: Firstly, the island density is significantly 
reduced from 8×109 to 5×108 cm-2 as a result of the disappearance of the smaller dots, indicating the 
occurrence of a significant coarsening. In addition, shallow ring-like features (highlighted by arrows 
on the image) are observed on the surface. These structures appear to be the result of the dissolution 
of domes during high-temperature annealing and, accordingly, their density increases with a further 
4 s flash heating at the same temperature [Fig. 2(a)]. Indeed, different stages of the ring formation 
from islands are frozen and imaged on the surface of the sample (indicated hereinafter as S1), as 
shown in Figs. 2(b) and 2(c). The images evidence that the Ge-rich core of the domes dissolves, 
leaving behind the outer rim annulus which, being Si-richer [15, 16, 21], has higher melting point. 
Cross-sectional profiles obtained by STM [an example is reported in Fig. 2(d)] show rings with an 
average height of ∼2 nm and a comparable depth of the central hole. It is noteworthy that the total 
density of rings and residual islands in Fig. 2(a) is about 2×108 cm-2, being therefore lower than that 
before the final annealing step [Fig. 1(b)]. This suggests that the smaller SiGe islands completely 
dissolve during annealing without leaving appreciable residual ridges. Our results indicate that 
similar shallow rings are observed for flashing temperatures within the 1000-1050 °C range.  
When SiGe islands are flash annealed to higher temperature, the rings become larger and higher, as 
displayed in Fig. 3. Sample S2 [panels 3(a) and 3(b)] has been obtained by 5 s flash heating to 1100 
°C starting from an ensemble of SiGe islands at 6 ML of Ge coverage. The same flashing procedure 
has been applied to samples S3 [Figs. 3(c) and 3(d)] and S4 [Figs. 3(e) and 3(f)], but the initial Ge 
coverage deposited to grow the parent SiGe islands was 8 ML. Besides, immediately after SiGe 
island growth, sample S4 was annealed for 15 min at 720 °C before the final flashing step that 
results in ring formation. As evident, the parameters used for the growth of parent islands affect the 
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final size and height of the rings (Tab. I) that, however, display a similar overall shape. The self-
similarity of the ring shape is indeed confirmed by Fig. 4(a) which shows the existence of a linear 
correlation between the depth of the central hole and the ring height (i.e. their ratio remains 
approximately constant with size). With respect to the shallow rings in sample S1, the crater 
structures in Fig. 3 are markedly larger and higher (Tab. I) and spread uniformly over the surface 
where residual islands are not present. Moreover, we estimated that, after the 1100 °C flash heating, 
the density of large rings is reduced to ∼1/10 of the value measured for parent islands: This 
dramatic density drop is in line with the occurrence of an extended ripening process during high-
temperature annealing which drives the growth of large rings. Such a process evidently requires 
extremely fast diffusive processes and, due to the morphological difference observed with the 
shallow rings in S1, it is clearly activated only for T  1100 °C. Further understanding can be gained 
by examining the composition of the large rings with respect to that of the parent islands before the 
flash heating to 1100 °C. The upper curve in Fig. 4(b) shows a typical Stokes Raman spectrum of 
the as-grown SiGe islands. With respect to the bare Si substrate, a well-defined peak, corresponding 
to the Si-Ge local mode, is observed at about 406 cm-1. Another feature, around 296 cm-1, is 
strongly enhanced in SiGe sample, due to the appearance of the Ge-Ge local mode which is 
superimposed to two-phonon ω2TA(X) peak coming from the Si substrate. Finally, on the strong Si-
bulk phonon peak at ∼520 cm-1 (not completely shown in the plot), we notice a low-intensity 
shoulder around 496 cm-1 [marked by arrow in Fig. 4(b)] that can be attributed to the local Si-Si 
mode [22]. Two methods have been proposed to estimate of the composition in SiGe 
heterostructures from Raman spectroscopy: one based on the frequency position of local vibration 
modes [23-25] and the other on their relative intensity [13, 26]. By fitting the experimental Raman 
frequencies of the Ge-Ge, Si-Ge and Si-Si local modes to the equations reported in Ref. [23, 24] 
(see Appendix A for details), we obtain an average Ge content x∼ 0.5, matching well the 
composition measured previously for SiGe islands grown at T ∼600 °C [27]. Being the intensity of 
the local Si-Si mode quite low, the composition result has been validated by measuring the intensity 
ratio of Ge-Ge and Si-Ge modes (IGe-Ge/ISi-Ge) which varies with the Ge content x as ∼1.6x(1-x)-1 
[13, 26]. Also from the relative-intensity method, we find that the average concentration of Ge is 
about 0.5. By looking at the SiGe phase diagram [28] [right-hand inset of Fig. 4(b)], it can be seen 
that T∼ 1100 °C is indeed the lowest temperature that melts a SiGe alloy for x∼ 0.5. This means 
that, above this critical temperature, a liquid phase is formed due to the melting of the SiGe layer. 
The diffusivities D of Ge and Si in the melt are roughly equivalent and, being approximately 3×10-4 
cm2/s, are at least two order of magnitude greater than the diffusion coefficients in the solid phase 
[29, 30]. For example, at a flashing time t ∼4 s, the diffusion length of Ge in SiGe liquid, , 
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exceeds 280 µm. Hence, we suggest that it is the formation of a liquid phase above T~ 1100 °C 
which ensures fast mass transport and mediates the ripening and the rapid growth of large rings. By 
looking at their Raman spectrum, which is similar to that of the bare Si substrate [Fig. 4(b)], the 
resulting rings are strongly Si-enriched. Namely, subtraction of the Si substrate does not leave any 
relevant feature within the range 200-500 cm-1, as shown in the inset. The surface chemical 
composition of the rings was calculated by XPS quantification [Fig. 4(c)]. The main peaks of Ge 3d 
and Si 2p were positioned at binding energy (BE) of 29.1 eV and 99.1 eV, respectively [31]. These 
BE values were assigned to metallic Ge0 and Si0, respectively. A thin overlayer of native oxides 
(GeO2 and SiO2) was completely removed after few seconds of ion sputtering. The depth profiles of 
the samples S2 and S3 show that the thickness of metallic SiGe alloy is approximately 5 nm and 12 
nm, respectively. These values are matching the heights of the rings measured by AFM (Tab. I). 
This is not surprising since large-scale SEM images, reported in Fig. 5, indicate that the ring 
ensemble appears as an almost homogeneous layer at the scale size (hundreds of µm2) probed by 
XPS. It is also found that the maximum atomic Ge content is about 12%, confirming that the solid 
forming from solidification of SiGe melt is Si rich.  
The mechanism of ring formation requires local inhomogeneities inside the parent islands to trigger 
the robust mass transport (i.e. diffusion/desorption of adatoms) during high-temperature annealing. 
The driving forces are both the highly non-uniform alloying and the inhomogeneous strain 
distribution inside the islands [32-34]. In the following, the effect of the non-uniform strain field on 
diffusion is assessed by coupling finite-element (FE) solutions of elasticity equations to the Fick’s 
second law. Figure 6(a) shows the calculated map of the strain energy in a SiGe dome for x= 0.5 
[35-37]. As expected, the elastic-energy relief increases from the bottom to the top of the island. 
Moreover, the in-plane strain is concentrated close to the boundary and decreases moving to the 
island center, as shown by the cross-cut in Fig. 6(b). This is a common feature of faceted 
Ge/Si(001) islands, being a fingerprint of local strain concentration at the island edges [38]. The 
local strain-energy density S is the source of a strain-driven diffusional field with flux  
which is superimposed to the ordinary flux , driven by the gradient of concentration C 
[39]. Considering the total flux , we solved the diffusion equation  [40]. 
The resulting shape evolution is shown in Figs. 6(c) to 6(f). It can be seen that material is 
transferred towards the more relaxed top of the island; interestingly, the mass redistribution is not 
uniform, since material tends to accumulate between the outer rim and the center, i.e. where the 
strain gradient is higher [Fig. 6(b)]. Despite being highly simplified, the model shows that the non-
homogeneous strain profile in the islands is the source of a germinal ring shape. A good qualitative 
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agreement is indeed found with the island morphology observed by STM after a few seconds 
annealing to 1100 °C [Fig. 6(g)]. However, strain-driven diffusion cannot explain the significant 
erosion occurring during the later stages of the ring formation when elastic field reduces due to the 
progressive flattening of islands. As a matter of fact, significant desorption of Ge is expected at high 
temperature. This is indicated by composition measurements, showing that the rings are markedly 
enriched in Si, and by the annealing temperature close or within the solidus-liquidus gap of the Ge-
Si phase diagram. Moreover, the preferential erosion of the island core, leading to the rings, is 
consistent with the alloying distribution previously observed for SiGe domes [34]. We therefore 
suggest that the mass transport plays a role in determining the initial shape change of the islands, 
but their the final morphology results from the non-uniform distribution of Si and Ge atoms. 
It is well-known that a robust interdiffusion of Ge into the Si substrate occurs in Ge/Si growth [41]. 
The complete dissolution of Ge during long-term annealing is therefore expected to leave 
pronounced fingerprints on the surface. This is indeed what is observed after 15 min annealing to 
1100 °C of sample S5 [Fig. 7(a)], on which 8 ML of Ge were previously grown at 600 °C. Circular 
depressions appear on the surface; by comparing their cross-sectional profiles [Fig. 7(b)] with rings 
in panel 2(d), it is clear that these features are negative holes which sunk for ∼5 nm into the 
substrate. Their rims appear to be decorated by small clusters [Fig. 7(a)] that are probably the result 
of Si, which was previously intermixed with Ge and then precipitated from the partial melt during 
the annealing and the cooling process. The density analysis (Tab. I) suggests that the holes 
correspond to the imprints left behind by the larger islands of the original set which, besides, are 
expected to dig deeper into the substrate. We found that holes are also produced by annealing of 
several minutes to lower temperature T~ 850÷950 °C, though the resulting holes are shallow and 
partially voided (Fig. 8).  
3. Conclusions 
In summary, we have shown that several nanostructures, such as rings and holes, which are not 
equilibrium shapes in Ge/Si(001) epitaxy, can be obtained by a rapid flash heating of islands to 
temperature higher than the melting point of Ge, as the result of a partial dissolution of Ge. In 
particular, shallow rings are observed for temperatures within the 1000 to 1050 °C range, whereas 
at higher temperature −i.e. close to the liquidus-solidus gap of SiGe temperature-composition phase 
diagram−	   larger rings are formed by a significant ripening process driven by the fast diffusion in 
liquid phase. Annealing of several minutes results instead in the opening of nanometer-sized holes 
in the Si substrate. 	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Appendix A 
 
The aim of this section is to determine from Raman spectroscopy the dependence of the local 
vibration modes frequencies of the Si(1-x)Gex alloy on stoichiometry and strain. It has been shown 
that the nearest-neighbors freuqncies ωGeGe, ωSiGe and ωSiSi depend on the alloy composition and the 
biaxial strain ε [24] as: 
 
ωSiSi(x, ε)= 520.7 -66.9x -730ε	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (A.1)	  
ωSiGe(x, ε)= 400.1 +24.5x -4.5x2- 33.5x3 -570ε	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(A.2)	  
ωGeGe(x, ε)= 280.3 +19.4 x -450ε	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(A.3)	  
	  
By introducing in Eqs. (A.1)-(A.3) the measured Raman frequencies, one gets the strain versus 
composition curves reported in Fig. A.1. 
The three curves define a region of the (ε, x) plane, the centre of mass of which gives the best 
estimate of the strain and composition for the studied sample. We calculate x  0.5 and a residual 
compressive strain ε  -0.6%. It is worth noting that the residual strain after elastic relaxation for 
Si0.5Ge0.5 multifaceted islands, as estimated by FE simulations, is within the -0.7% – -1.1% range 
for islands with aspect ratios ranging between 0.2-0.3. This testifies an efficient strain relief with 
respect to the nominal strain value of about -2% of a flat pseudomorphic film having the same Ge 
concentration. Within the experimental uncertainty, the estimated strain is reasonable for elastic 
relaxation, even if a partial plastic relaxation cannot be excluded.	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Figure Captions 
 
Fig. 1: STM images: (a) SiGe island set obtained by growing 8 ML of Ge on Si(001) at 600 °C. (b) 
Same sample after 1 s flash heating to 1050 °C. Some ring-like structures are marked by 
arrows. 
 
Fig. 2: STM images of rings obtained by flash heating SiGe islands (8 ML of Ge coverage). After 
total 5 s annealing to 1050 °C, shallow rings coexisting with partially desorbed islands are 
observed. The size of the panels is: (a) (590×510 nm2); (b) (380×380 nm2); (c) (8×8 µm2). 
(e) Typical cross-section scans of rings. The scan is taken on the marked area of panel (a). 
 
Fig. 3: AFM images of rings after flash heating SiGe islands to 1100 °C for 5 s. The samples differ 
by the growth parameters of the parent SiGe island ensemble: (a,b) 6 ML of Ge grown at 
600 °C; (c,d) 8 ML of Ge grown at 600 °C; (e, f) 8 ML of Ge grown at 600 °C followed by 
15 min post-growth annealing to 720 °C. 
 
Fig. 4: (a) Correlation between the height of rings and the depth of their central holes. The dashed 
line is a fit to experimental data. (b) Raman spectra of SiGe islands, rings and bare Si 
substrate (growth parameters are reported in the text). In the left-hand inset, the 200-500 cm-
1 region is blown up. The lowest spectrum is the difference between ring S2 and the bare Si 
10	  
	  
spectra. In the right-hand inset, the SiGe T-x phase diagram is reported. As highlighted, a 
Si0.5Ge0.5 alloy melts above T~	  1100 °C. (c) XPS depth profile of the Ge 3d and the Si 2p 
peak intensity. The height of rings is marked by arrows. 
 
Fig. 5: SEM image of the large rings obtained after 5-s flash heating to 1100 °C of a set of SiGe 
islands at 8 ML of Ge coverage. Notice the good homogeneity of the samples on large scale. 
 
Fig. 6: (a) Distribution of the strain energy density inside a Si0.5Ge0.5 dome. (b) Strain profile along 
the dashed line marked in panel (a). (c-f) Snapshots of the shape evolution obtained by 
solving the diffusion equation in the presence of misfit strain. t is the simulation time: (c) t 
=0.004; (d) t =0.009; (e) t =0.018; (f) t =0.03. (g) STM image of SiGe islands at 8 ML of Ge 
coverage after 3s flash annealing to 1100 °C. The image size is (5.0×5.0 µm2). 
 
Fig. 7: (a) STM images of holes obtained after 15-min annealing to 1100 °C of SiGe islands at 8 
ML of Ge coverage. The image size is (2.9×2.9 µm2). (b) Typical cross-section scans of 
holes. The scan is taken on the hole marked in panel (a). 
 
Fig. 8: STM images of partially voided holes produced by 15-min annealing to 850 °C of SiGe 
islands at 6 ML of Ge coverage. 
 
Fig. A.1: Strain versus composition curves for SiGe/Si(001) islands grown at T=600 °C at a 
coverage of 8 ML of Ge according to Eqs. (A.1)-(A.3). The experimental Raman 
frequencies of the local vibration modes are indicated. 
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Table I.  
 
Average morphological parameters of rings and holes.. 
 
Sample Ring height (nm) Outer diameter (nm) Density (x108 cm-2) 
S1 2 230 2 
S2 6 600 0.7 
S3 11 780 0.5 
S4 13 1000 0.3 
S5 -5* 210 3 
*The value is the average depth of holes 
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Fig. 3 
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Fig. 8 
 
 
